-Although plentiful data are available regarding mental states involving the dominant-right arm, the evidence for the nondominant-left arm is sparse. Here, we investigated whether right-handers can generate accurate predictions with either the right or the left arm. Fifteen adults carried out actual and mental arm movements in two directions with varying inertial resistance (inertial anisotropy phenomenon). We recorded actual and mental movement times and used the degree of their similarity as an indicator for the accuracy of motor imagery/prediction process. We found timing correspondences (isochrony) between actual and mental right arm movements in both rightward (low inertia resistance) and leftward (high inertia resistance) directions. Timing similarities between actual and mental left arm movements existed for the leftward direction (low inertia resistance) but not for the rightward direction (high inertia resistance). We found similar results when participants reaching towards the midline of the workspace, a result that excludes a hemispace effect. Electromyographic analysis during mental movements showed that arm muscles remained inactivate, thus eliminating a muscle activation strategy that could explain intermanual differences. Furthermore, motor-evoked potentials enhancement in both right and left biceps brachii during mental actions indicated that subjects were actively engaged in mental movement simulation and that the disadvantage of the left arm cannot be attributed to the nonactivation of the right motor cortex. Our findings suggest that predictive mechanisms are more robust for the right than the left arm in right-handers. We discussed these findings from the perspective of the internal models theory and the dynamic-dominance hypothesis of laterality.
DURING MOTOR IMAGERY SUBJECTS internally simulate a movement (first-person perspective) without any motor output. It is now well established that mental and actual movements trigger similar neurophysiological and cognitive processes. For instance, neuroimaging studies have revealed that the same neural structures, although this overlap is not perfect, are involved in mental and actual actions (Guillot and Collet 2005; Jeannerod 2001; Munzert et al. 2009 ). Furthermore, physiological investigations have shown that the activation of the autonomic nervous system (for example, heart rate) increases proportionally to the mental effort produced during mental movements (Collet et al. 2013; Decety et al. 1993; Demougeot et al. 2009 ). Moreover, psychophysical studies have reported that mental actions preserve the same spatiotemporal characteristics and obey the same motor rules as their overt counterparts (Bakker et al. 2007; Decety and Jeannerod 1995; Gentili et al. 2004; Papaxanthis et al. 2003 Papaxanthis et al. , 2012 . Lastly, mental training improves motor performance (Allami et al. 2008; Avanzino et al. 2009; Gentili et al. 2004 Gentili et al. , 2010 Yaguez et al. 1998 ) and enhances muscular force (Ranganathan et al. 2004; Yue and Cole 1992; Zijdewind et al. 2003) .
The concept of forward internal models is in the core of mental movements and provides an interesting theoretical basis for interpreting their behavioral similarities with actual movements; in particular, their tight temporal coupling. Forward models mimic the causal flow of the physical process by predicting the consequences (e.g., position, velocity) of a motor command (Miall and Wolpert 1996; Shadmehr et al. 2010; Wolpert and Flanagan 2001) . It is hypothesized that during mental actions, although no overt movement occurs, a corollary discharge (i.e., efference copy) and the current state are both available to the forward model, which provides future state estimations. This prediction can thus be used to monitor whether an ongoing movement proceeds as planned.
Although plentiful data are available in the literature regarding mental states involving the dominant-right arm, the evidence for the nondominant-left arm is sparse. Neurophysiological and clinical investigations (Fadiga et al. 1999; Sabate et al. 2004; Stinear et al. 2006b ), as well as psychophysical studies examining the temporal aspects of imagined arm movements (Maruff et al. 1999; Skoura et al. 2008 Skoura et al. , 2009 ) have shown that lateralization also emerges in mental states. Up to now, however, experimental evidence about the ability of accurately representing actions with the right or the left arm in righthanders is missing from the literature. Recent studies in motor neuroscience propose that each hemisphere is specialized in different aspects of motor control and that this specialization could explain behavioral differences between the dominant and the nondominant arm. Specifically, the left-hemisphere/rightarm system is more attributed with predictive control mechanisms, whereas the right-hemisphere/left-arm system is more attributed with specialized control of steady-state limb posture, presumably through feedback-mediated impedance control mech-anisms (Bagesteiro and Sainburg 2002; Sainburg 2002; Shabbott and Sainburg 2008; Yadav and Sainburg 2011) . For instance, during reaching movements, the right arm shows advantages for controlling intersegmental dynamics and hand trajectory, while the left arm shows advantages in controlling limb impedance and final position. As neural similarities exist between the state of action execution and the state of action simulation (Jeannerod 2001) , one could expect an advantage for the dominant-right arm in mental movements. The reasoning is the following: since the right arm is controlled by predictive mechanisms, while the left arm by feedback-mediated control mechanisms, and since mental actions are entirely generated by internal forward models, then mental actions engaging the right arm should be more accurate, i.e., more tightly related to their actual production, than those engaging the left arm. Notably, the advantage for the right vs. the left arm should be emphasized when the complexity of task dynamics increases. In this case, because predictive control mechanisms for the left arm are insufficient, feedback adjustments are necessary for the successful accomplishment of the task. This feedback control strategy, however, is possible only in actual movements, since in mental movements no physical movement occurs and accordingly sensory feedback in unavailable. Therefore, discrepancies between actual movement production and mental movement simulation involving the left arm should emerge in tasks with significant dynamic constraints.
Here, we investigated whether right-handers can generate accurate motor predictions with either the right or the left arm. To manipulate arm dynamics, we took advantage from the inertial anisotropy phenomenon. In a two-joint mechanical system, such as the upper arm and the forearm, motion dynamics vary according to movement direction (Flanagan and Lolley 2001; Gentili et al. 2004; Gordon et al. 1994; Sainburg et al. 1999) . For instance, when we reach with our right arm rightwards or with our left arm leftwards the movement is accomplished principally by the motion of the forearm and consequently the mass of the upper arm contributes little to the total inertia of the arm (see Fig. 1A ). On the contrary, when we reach with our right arm leftwards or with our left arm rightwards, we move both the upper-arm and the forearm, increasing thus the total inertia of the arm (see Fig. 1B ). Previous studies have reported that direction-dependent changes in arm dynamics consistently influence movement time (Flanagan and Lolley 2001; Gentili et al. 2004; Gordon et al. 1994; Personnier et al. 2008) . Precisely, for the same hand amplitudes, arm movements with high inertial resistance are slower than arm movements with low inertial resistance. It is important to note that the brain maintains accurate internal representations of the inertial anisotropy of the right arm. For example, Flanagan and Lolley (2001) , by means of a gripforce/load-force coupling paradigm, have demonstrated that the brain accurately anticipates the inertial anisotropy of the right arm and therefore the direction-dependent changes in movement time.
In our study, 15 right-handers adults were asked to perform actual and mental movements with their right and left arms in 2 different directions with varying inertial resistance. We recorded actual and mental movement times and used the degree of their similarities (i.e., isochrony) as an indicator of the accuracy of motor imagery/prediction process (Demougeot and Papaxanthis 2011; Sirigu et al. 1996) . We fixed two criteria to argue in favor of accurate predictions regarding the right or the left arm: first, actual and mental movement times should be equal for both directions (low and high inertia); this would suggest that forward internal models provide accurate predictions for movements with varying dynamics. Second, mental times of movements with low inertia should be shorter than mental times of movements with high inertia, as it is the case for actual movements (Flanagan and Lolley 2001; Gentili et al. 2004; Gordon et al. 1994; Personnier et al. 2010) ; this would suggest that inertial properties of the arm are well integrated during mental movement simulation.
METHODS

Main Experiment
Participants. Fifteen volunteers (9 males and 6 females; mean age: 23.5 Ϯ 2.2 yr) gave their informed consent and participated in the present study. All were in good health, with normal or corrected vision and without any nervous, muscular, or cognitive disorders. The experimental protocol was approved by the ethics committee of Burgundy (AEC/B90097-40) and was carried out in agreement with legal requirements and international norms (Declaration of Helsinki, 1964) .
Assessment of general motor imagery ability and arm preference. The participants' general motor imagery ability was evaluated by means of a French version of the Movement Imagery Questionnaire (Hall and Martin 1997) . All participants were qualified as good imagers, since they obtained scores higher than 40 (maximum score 56). Right arm dominance (mean score: 0.85 Ϯ 0.04) was determined by means of the Edinburgh Handedness inventory (Olfield 1971) .
Experimental protocol. Experiments took place in a sound-attenuated room. Participants were comfortably seated on an adjustable chair in front of a table. Ten targets (black squares, 5 ϫ 5 mm) were drawn on the table (see Fig. 1C ). The target ST indicated the starting position and was placed 20 cm forward from the midline connecting the two shoulders. In the main experiment, we used the targets T1-T6, which were placed at two different directions with respect to the ST: rightwards (T1-T3 targets) and leftwards (T4 -T6 targets). The two directions were orthogonal and the distance of the targets with respect to the TS was as follows: 20 cm for the near targets (T1 and T4), 25 cm for the intermediate targets (T2 and T5), and 30 cm for the more distant targets (T3 and T6).
The participants, using their dominant-right arm or their nondominant-left arm, actually pointed or mentally simulated pointing (imagined or mental action) between the ST and the other targets. They were requested to move as accurate and as fast as possible. Actual and mental trials were performed with eyes open. Relatively long trial durations are necessary to obtain reliable measurements in mental movement simulation protocols because movement durations have a coarse resolution (Demougeot and Papaxanthis 2011; Gentili et al. 2010; Sirigu et al. 1996) . Therefore, in our protocol one trial corresponded to three successive and fluid arm movements between the ST and the three targets of the one of the two directions (rightward trial:
ST-T1-ST-T2-ST-T3-ST; leftward trial: ST-T4-ST-T5-ST-T6-ST).
Before movement onset, the operating arm was placed as follows: the upper arm horizontal, the forearm was in pronation and in the same plane with the upper arm, and the index fingertip was placed above of ST. For the actual trials, participants were asked to move their arm over the table without touching it to avoid friction forces due to the contact of the arm with the table surface. For the mental trials, participants were requested to place their arm on the table above the ST, to keep it motionless and relaxed during the whole trial, and to feel themselves performing the task (motor or first-person perspective) as they would actually do. Imagining a movement in the first person is a necessary condition to engage the motor system (Stinear et al. 2006a) . During the experiment, each participant carried out 96 trials; 12 trials in each experimental condition: 2 arms (right and left) ϫ 2 directions (right and left) ϫ 2 types of movement (actual and mental). Experimental conditions were performed in a blocked design and were counterbalanced between participants. A rest of 2 min was given between each block. The experiment lasted ϳ30 min per participant, and none of them reported any muscular or mental fatigue. Before the experiment, participants received actual practice (12 trials; 3 for each arm and direction) and mental practice (12 trials; 3 for each arm and direction) by the experimenter. The results of these trials were not considered for further analysis.
Data recording and statistical analysis. The dependent variable in our study was movement time. Actual and mental movement times were recorded by means of an electronic stopwatch (temporal resolution: 1 ms). Participants started the stopwatch when they actually or mentally initiated the movement, and they stopped it when they had actually or mentally accomplished it. We required the participants to record their actual and mental movement durations because they felt more comfortable manipulating the stopwatch themselves. This method of recording actual and mental movement time has been previously validated by our group (Demougeot and Papaxanthis 2011; Skoura et al. 2005) . Note that during the experiment participants had no feedback about their actual or mental temporal performance.
The independent variables in our study were: arm (dominant-right, nondominant-left), inertia (low inertia, high inertia), and movement type (mental, actual). Note that low inertia corresponds to rightward movements with the right arm and to leftward movements with the left arm and vice-versa for high inertia. Average movement time was calculated for each experimental condition separately. We checked that variables were normally distributed (Shapiro-Wilk W-test) and that sphericity was respected (Mauchly tests). We performed ANOVA with arm, inertia, and movement type as within-subject factors. Post hoc differences were evaluated by means of Scheffé's tests, and significance was accepted at P Ͻ 0.05. Using the same statistical analysis, we also analyzed the temporal variability of actual and mental movements. Variability was indexed by computing the coefficient of variation (CV) defined as the standard deviation divided by the average time, multiplied by 100 (CV ϭ SD/average ϫ 100).
Electromyographic recoding and analysis during mental movements. During mental movements, we recorded (Biopac MP150; Biopac System) the electromyographic (EMG) activity from the three heads of the deltoid muscle (anterior, lateral, and posterior) as well as from the biceps brachii and triceps brachii muscles (long head) after shaving and dry-cleaning the skin with alcohol to conserve low impedance (Ͻ5 k⍀). Two silver-chloride surface electrodes of 10-mm diameter were positioned on the muscle belly with an interelectrode distance (center to center) of 2 cm. The reference electrode was placed on the left ankle. EMG signals were recorded at a frequency of 1,000 Hz, band pass filtered (20 -400 Hz), and stored for offline analysis using MATLAB routines. The root mean square (RMS) of the EMG was used to quantify the activation level of the muscles:
where MD represents the movement duration.
We analyzed the EMG activity of all mental trials within the temporal window between 10 and 90% of the whole movement acquisition (Personnier et al. 2010) . In this way, we were certain that participants had already started but still not finished their mental trials. To quantify muscle activation, we compared the RMS values during mental trials with RMS values recorded from the same muscles totally relaxed during a rest period (12 trials of 5 s per participant). As all variables were normally distributed (Shapiro-Wilk W-test), we used t-tests for dependent samples to compare each mental condition with the rest condition (n ϭ 20 conditions; 5 muscles ϫ 2 arms ϫ 2 inertia).
Transcranial magnetic stimulation and analysis during mental movements. Here, transcranial magnetic stimulation (TMS) was used as a control method to evaluate the participants' engagement during motor imagery. As participants imagined arm movements from a first person perspective (kinaesthetic representation), we expected their motor system to be activated (Stinear et al. 2006a ). We stimulated the left primary motor cortex during right arm movements and the right primary motor cortex during left arm movements. Single-pulse TMS were delivered using a Magstim 200 stimulator (Magstim, Whitland, Wales, UK) with a monophasic current waveform connected to a figure-of-eight-shaped coil (external diameter of each loop, 9 cm) held tangentially to the scalp. The center of the junction of the coil was placed over the hand area of the right or left primary motor cortex at the optimal position (hot spot) to elicit motor-evoked potentials (MEPs) in the contralateral biceps brachii muscle, with the handle pointing backwards and 45°away from the midline. With this coil orientation, the induced current flowed in an anterior-medial direction approximately perpendicular to the central sulcus. The cortical representation of the biceps brachii muscle was initially assessed with the stimulator intensity regulated at ϳ70% of its maximum power (2.2 T). The optimal coil location was searched by slightly moving the coil over the area of primary motor cortex until MEPs of maximal amplitude and lowest threshold in the contralateral biceps brachii muscle was elicited. The resting motor threshold (RMT) was defined as the intensity of stimulation needed to produce responses of ϳ50 V in 50% of 10 successive trials in the relaxed biceps brachii muscle. In all experimental conditions, stimulation intensity was set at 120% of the RMT.
Sixteen TMS pulses were applied at rest (8 in each primary motor cortex) to determine the baseline level. In addition, 8 TMS pulses were added and interspersed within the 12 trials of each experimental condition (n ϭ 32; 2 arms ϫ 2 directions ϫ 8 stimulations). Note that mental times of trials with TMS pulses were excluded from further analysis. The timing of the TMS pulse was standardized and derived during the first "return phase" of the mental trial; i.e., during mental arm movements between T1-ST or between T4-ST. For this movement phase, biceps brachii is the principal agonist muscle. To trigger the TMS pulse at the appropriate time, i.e., during the activation of the biceps brachii muscle, we used the individual EMG traces of actual movements. Precisely, we calculated for each participant the start and the end of the biceps brachii EMG burst with respect to the beginning of the movement. The timing of TMS pulse was then adapted to participants' temporal performance and corresponded to the middle of the biceps brachii EMG burst (between 0.8 and 1.2 s after the beginning of the mental movement). During the first mental trial, subjects verbally reported whether the stimulation was given during the first return phase. If not, the trigger system was readjusted (Ͻ4% of the whole trials). To ensure that there was not any muscle activation before TMS pulse, we analyzed the average background EMG activity in the left and right biceps brachii during the 0.5 s preceding the TMS pulse and compared it (two-tailed paired t-test) with EMG activity in the rest condition. RMS analysis showed very low values (ranged from 4 to 8 V) for all the participants. Statistical comparisons did not reveal significant differences between relaxation and mental movements for both arms [in all cases, t Ͻ 1.3, degrees of freedom (df) ϭ 14, P Ͼ 0.5].
Measurements of MEPs were made on single trials. The amplitudes of the MEPs in the left and right biceps brachii were calculated by taking the peak-to-peak difference in the raw EMG signals. Mean values of MEP amplitude were calculated for each subject in each experimental condition. Data were normally distributed (ShapiroWilk tests), and sphericity was respected (Mauchly tests). Statistical effects were assessed by using ANOVA with arm (right and left) and motor tasks (rest, high inertia, and low inertia) as within-subject factors. Post hoc differences assessed by means of Scheffé's tests and significance was accepted at P Ͻ 0.05.
Control Experiment
According to our hypothesis differences in motor imagery ability between the right and the left arm are attributed to the specific control mechanisms of each hemisphere (Sainburg 2002; Yadav and Sainburg 2011) . However, a possible hemispace effect should be discarded before validating this premise. Previous studies have shown significant effects of hemispace in motor tasks requiring limb selection (Carey et al. 1996; Fisk and Goodale 1985; Gabbard and Helbig 2004; Gonzalez and Goodale 2009; Mamolo et al. 2004 ). In general, there is a tendency to avoid reaching across midline with each arm. In addition, reaching movements to the ipsilateral workspace often show advantages in reaction time and kinematics relative to contralateral reaching movements. Hemispace biases may reflect cognitive effects of attention and stimulus-response compatibility (Gabbard 1998; Gabbard and Helbig 2004) or they may result from an intrahemispheric information processing advantage (Fisk and Goodale 1985) . Although our study did not require limb selection, the potential effects of hemispace must be examined before deriving definitive conclusion regarding intermanual differences in imagined actions. The control experiment was designed to test this premise.
Thirteen participants from the first experiment (7 males and 6 females) took part in the control study, which was carried-out 1 mo later. The experimental protocol was similar with that of the main experiment. The only difference was the spatial disposition of the targets: the starting target (ST) and the three other targets (T7-T9) were aligned with the y-axis (see Fig. 1C ). In this way, left and right arm movements were directed to the midline of the workspace and inertial resistance was similar for both arms. Since arm inertial anisotropy changes according to movement direction, the modulation of arm inertial resistance in this control experiment (reaching in the midline direction) was in the continuum between the low inertia direction (rightwards for right arm movements and leftwards for left arm movements) and the high inertia direction (rightwards for left arm movements and leftwards for right arm movements) of the main experiment. As in the first experiment, the participants actually pointed or mentally simulated pointing between the ST and the other targets (ST-T7-ST-T8-ST-T9-ST) using their dominantright arm or their nondominant-left arm. Participants carried out 48 trials (12 trials in each experimental condition: 2 arms ϫ 2 types of movement) in a blocked and counterbalanced design. No information was given to participants concerning their temporal performance. A rest of 2 min was given between each block. The experiment lasted ϳ15 min per participant, and none of them reported any muscular or mental fatigue. Time and EMG recording and analysis were similar to those described in the main experiment. No TMS were applied in this control experiment. Figure 2 shows mean values (ϮSE) of movement time for all the experimental conditions. ANOVA revealed a main effect of arm (F 1,14 ϭ 34.41, P Ͻ 0.0001) and inertia (F 1,14 ϭ 69.30, P Ͻ 0.0001). Times were shorter for movements performed with the right arm (on average 4.4 Ϯ 0.24 s) compared with movements performed with the left arm (on average, 4.9 Ϯ 0.24 s). In addition, times were shorter for low inertia arm movements (on average 4.5 Ϯ 0.24 s) than for high inertia arm movements (on average, 4.8 Ϯ 0.25 s). There was also an interaction effect among arm, inertia, and movement (F 1,14 ϭ 9.0, P Ͻ 0.001). Post hoc analysis revealed that arm movements with low inertial resistance had shorter (P Ͻ 0.001) times than arm movements with high inertial resistance, except for the left mental arm movements (P ϭ 0.99). In addition, times of right arm movements were shorter than times of left arm movements (P Ͻ 0.001), except for mental arm movements with high inertial resistance (P ϭ 0.99). Lastly, times were similar between actual and mental movements (P ϭ 0.99), except for left arm movements with high inertial resistance (P Ͻ 0.0001). Temporal variability was significantly greater for mental than actual movements (on average, 6.33 and 5.15% respectively; F 1,14 ϭ 13.34, P Ͻ 0.01).
RESULTS
Main Experiment
We did not find other main or interaction effect (P Ͼ 0.05, for all comparisons). Average values (ϮSE) of the ratio HI/LI (time of movements with high inertial resistance/time of movements with low inertial resistance) are depicted in the Fig. 3A . It is noticeable that the ratio HI/LI was superior to 1, except for the left arm mental movements, indicating thus greater mental times for movements with high inertial resistance. Figure 3B shows average values (ϮSE) of the ratio A/M (time of actual movements/time of mental movements). Equivalent times (A/M Ϸ 1) between actual and mental movements were observed for all conditions, except for left arm movements with high inertial resistance (A/M Ͼ 1).
EMG activity during mental arm movements. The t-tests, comparing for each muscle separately the mental condition with the rest condition, showed that arm muscles remained silent during mental movement simulation (in all cases, Ϫ1.2 Ͻ t Ͻ 1.5, df ϭ 14, P Ͼ 0.5). Average RMS values, all conditions considered, ranged between 3 and 10 V for mental movements and between 3 and 9 V for the rest condition.
MEP modulation during mental arm movements. Figure 4 shows mean values (ϮSE) of MEP amplitude for the different experimental conditions. ANOVA showed an interaction effect of arm and motor task (F 2,28 ϭ 6.60, P Ͻ 0.003). Post hoc comparisons showed that MEP amplitude in both arms significantly increased compared with the baseline condition (in all cases, P Ͻ 0.02). In addition, MEP amplitude was higher for the right compared with the left arm (in all cases, P Ͻ 0.003). There was not any difference in MEP amplitude between high inertia and low inertia arm movements neither for the right (P ϭ 0.98) nor for the left (P ϭ 0.99) arm. Figure 5A shows mean values (ϮSE) of movement time for all the experimental conditions. Two-way ANOVA revealed an interaction effect between arm and movement (F 1,12 ϭ 10.42, P ϭ 0.007). Post hoc analysis showed significant differences between right and left actual arm movements (P ϭ 0.01) and between actual and mental left arm movements (P ϭ 0.009). Figure 5B shows average values (ϮSE) of the ratio A/M. Equivalent times between actual and mental movements were found for right (A/M Ϸ 1) but not for left arm movements (A/M Ͼ 1). EMG activity during mental movements was very low in both arms (ranged between 4 and 9 V) and almost similar with EMG activity during the rest condition (ranged between 4 and 8 V) in all muscle groups (two-tailed t-tests for dependent samples, in all cases, Ϫ0.9 Ͻ t Ͻ 1.5, df ϭ 12, P Ͼ 0.5).
Control Experiment
DISCUSSION
In the present study, we investigated whether right-handers can generate accurate motor predictions with their right or left arm. Motor prediction was evaluated by means of the mental chronometry paradigm in a motor task involving directiondependent inertial constraints (i.e., inertial anisotropy phenomenon). We found tight timing correspondences between actual and mental right arm movements in both rightward (low inertial resistance) and leftward (high inertial resistance) directions. For the left arm, we found timing similarities between actual and mental movements for the leftward direction (low inertial resistance) but not for the rightward direction (high inertial resistance). These findings suggest that motor predictive mechanisms are more robust for the right than the left arm in right handers. 
Actual Movements Performed with the Dominant-Right and the Nondominant-Left Arm
We found that actual movements involving the right arm were significantly faster than actual movements involving the left arm. This result expands those of previous studies that have also reported better temporal performances for the right compared with the left arm in reaching tasks requiring spatial (Maruff et al. 1999; Personnier et al. 2008; Skoura et al. 2008) and/or dynamic (Bagesteiro and Sainburg 2002; Sainburg and Kalakanis 2000) constraints. Furthermore, we observed that arm movements with low inertial resistance (i.e., leftward movements for the left arm and rightward movements for the right arm) were faster compared with those with high inertial resistance (i.e., leftward movements for the right arm and rightward movements for the left arm). Such temporal differences for the right arm have been described by earlier investigations and can be attributed to the inertial anisotropy phenomenon (Flanagan and Lolley 2001; Gentili et al. 2004; Gordon et al. 1994; Personnier et al. 2008) . The novelty here is that left arm movements also show temporal variations with respect to movement direction and therefore with respect to movement dynamics. The fact that our results regarding actual arm movement production are in line with those of several previous studies allow us to make meaningful comparisons between actual and mental movements and to formulate relevant interpretations.
Mental Movements Performed with the Dominant-Right and the Nondominant-Left Arm
Mental actions are generated by internal forward models; that is, neural networks that mimic the dynamic behavior of the body and its interaction with the environment (Demougeot and Papaxanthis 2011; Gentili et al. 2010; Miall and Wolpert 1996; Wolpert and Flanagan 2001) . When individuals imagine arm movements, the forward model relates the actual state of the operating arm to the neural commands prepared by the motor controller and predicts the future states of the arm (forward dynamics model) and their sensory consequences (forward sensory model). Theoretically, when the central nervous system (CNS) has an accurate internal representation of limb and environmental dynamics, movement prediction (state estimation) should be very close to movement production (actual state). In our study, this was verified for right arm movements. Indeed, we found that mental times (estimated state) precisely matched actual times (actual state) in both directions. This finding may suggest that the CNS maintains accurate representations of the inertial anisotropy of the right arm and makes use of this representation to accurately simulate right arm movements. Conversely, we found a discrepancy between mental times (estimated state) and actual times (actual state) in left arm movements with high inertial resistance. More interestingly, mental times of left arm movements were identical for both low inertia (leftwards) and high inertia (rightwards) directions, such as participants anticipated similar inertial resistance in both directions. This finding may indicate that the CNS does not maintain an accurate representation of the inertial anisotropy of the left arm and therefore mental movements differed from their actual counterparts.
Right arm superiority in mental actions can be elucidated through the dynamic-dominance hypothesis of laterality. Accordingly, the left hemisphere/right arm system is more attributed with predicting control mechanisms, whereas the right hemisphere/left arm system is more attributed with specialized control of steady-state limb posture, presumably through feedback-mediated impedance control mechanisms (Bagesteiro and Sainburg 2002; Goble and Brown 2008; Sainburg 2002; 2005; Shabbott and Sainburg 2008; Yadav and Sainburg 2011) . During reaching movements, the right arm shows advantages for controlling intersegmental dynamics and hand trajectory, while the left arm shows advantages in controlling limb impedance and final position. This control scheme is nicely reflected in mental actions. As right arm movements are mainly based on predictive mechanisms and show advantage for controlling arm dynamics, it seems rational state estimation (i.e., imagined movement time) and actual state (i.e., actual movement time) would be similar under varying inertial constraints. Conversely, as left arm movements are mainly controlled by feedback mechanisms, note that a feedback control strategy is possible only in actual movements because in mental movements sensory feedback is unavailable, it also seems rational actual and mental states would be different (timing discrepancies), especially when inertial constraints are important. In left arm movements with high inertial resistance (rightwards), actual and mental times differed because motion dynamics were noticeably complex and predictive mechanisms were insufficient to provide accurate timing information. In left arm movements with low inertial resistance (leftwards), motion dynamics were relatively simple and basic predictive mechanisms were probably sufficient to provide accurate timing information (isochrony between actual and mental movements).
A key finding here was that laterality (i.e., right arm superiority) was preserved in the low inertia condition (mental times were shorter for right than left arm movements) but not in the high inertia condition (mental times of right and left arm movements were similar). We considered that this loss of laterality was indirectly linked to the fact that mental times of right arm movements varied according to inertial constraints (shorter for low inertia), while mental times of left arm movements did not (similar times for both inertial resistances). This suggests that, under changing inertial resistances, participants prepared different motor plans for right arm movements but similar motor plans for left arm movements. As aforementioned, we explicate this finding according to the dynamicdominance hypothesis. An alternative hypothesis, however, could state that right and left arm movements have similar mental times in the high inertia condition (loss of right arm superiority) because they take advantage of similar motor plans. Indeed, several neuroimaging studies have shown bilateral activation of primary motor cortex during imagined actions (Creem-Regehr et al. 2007; Lacourse et al. 2005; Lotze et al. 1999; Pelgrims et al. 2011 ), a finding that could support this premise. Notably, it has been recently reported that the effects of virtual lesions of left and right primary motor cortexes in individuals performing a mental rotation task were the same irrespective of the laterality (left/right) of hand drawings (Pelgrims et al. 2011) . As both primary motor cortexes are involved in motor imagery tasks, one could hypothesize that similar motor plans and predictions are shared by the two sides of the body. However, this hypothesis fails to explain why laterality is preserved during mental movements in the low inertia condition. Likewise, if both arms share similar motor programs, there was no reason to observe laterality effects (i.e., faster right arm movements) during actual movement production.
In our study, MEP enhancement during mental actions, in both right and left biceps brachii, guaranteed that subjects were actively engaged in mental movement simulation and that the disadvantage of the left arm could not be attributed to the nonactivation of the right motor cortex. Although MEP amplitudes in our study were lower compared with those reported in previous studies for hand muscles (Stinear and Byblow 2004; Stinear et al. 2006a) , perhaps due to the fact that resting thresholds are higher in proximal muscles than distal muscles (Bradnam et al. 2010 ), they were much higher than the MEP amplitudes defined as motor threshold (50 V). Note that activation of right motor cortex during mental actions is not a consistent finding in the literature, as is the activation of the left motor cortex. For instance, Stinear et al. (2006b) failed to demonstrate a significant effect of motor imagery on the excitability of the right primary motor cortex in right-handers. We think that facilitation of the right primary motor cortex in our study was mainly due to the fact that participants imagined fast and accurate arm movements, while in the study of Stinear et al. subjects had to imagine effortful tapping movements between thumb and the first finger. Our finding corroborates those of previous studies that have shown that primary motor cortex are functionally relevant for mental movement simulation and motor learning by mental practice (Abbruzzese et al. 1999; Debarnot et al. 2011; Lebon et al. 2012; Pelgrims et al. 2011; Rossini et al. 1999; Stinear and Byblow 2004; Vargas et al. 2004 ). Interestingly, we found that MEP amplitude was higher for the left compared with the right primary motor cortex. Currently, it is premature to link the advantage of the right arm in mental actions to the level of the excitability between the two primary motor cortexes during mental actions. Further investigations are necessary to affirm or disaffirm such a relationship.
Alternative Interpretations
Before drawing definitive conclusions, we must make sure that our results are free from alternative interpretations. First, right vs. left arm advantage in mental actions cannot be attributed to hemispace effects (Carey et al. 1996; Fisk and Goodale 1985; Gabbard and Helbig 2004; Gonzalez and Goodale 2009; Mamolo et al. 2004 ). The control experiment revealed temporal differences between mental right and mental left arm movement when pointing to the midline of the workspace. This finding clearly suggests that right arm advantage in mental actions is due to the specific control mechanisms of each hemisphere (Sainburg 2002; Yadav and Sainburg 2011) . In the same vein, recent findings suggest that sensorimotor asymmetries in dynamic coordination might explain limb choices (Coelho et al. 2012 ).
Second, current results cannot be ascribed to a muscle activation strategy, because the analysis of the EMG patterns showed that participants did not activate the muscles of their right or left arm during motor imagery. These results expand those of previous investigations that showed that muscles, which are normally involved in the execution of an action, remained silent when subjects mentally simulated this action (Demougeot and Papaxanthis 2011; Gentili et al. 2006 Gentili et al. , 2010 Hashimoto and Rothwell 1999; Personnier et al. 2008 Personnier et al. , 2010 . Note, however, that muscle inactivation during imagined arm movements was not the only possible outcome in the present study. Indeed, previous investigations have shown that inhibition of descending volleys was not always complete during imagined actions (Guillot and Collet 2005) . In general, the magnitude of the EMG pattern during imagined actions is related to the effort intensity and it is specific to the type of muscle contraction; the eccentric condition elicits a lower EMG activity than the isometric and the eccentric contractions (Guillot et al. 2007; Lebon et al. 2008) . Therefore, we cannot exclude the possibility that additional muscle activation (i.e., above the baseline level) could occur when subjects imagine forceful contractions with their right or left arm (for instance, a mental exercise of force training against external loads).
In synopsis, our results showed dominant-right arm superiority in mentally simulated actions. In the presented study, we tested right-handers and we cannot generalize our finding to left-handers. Therefore, it would be interesting to investigate whether dominant-left arm superiority exist in left-handers during mental actions. Furthermore, it would be also interesting in the future to elucidate the neurophysiological underpinnings of the left hemisphere/right arm advantage in mental actions and to explore whether this has an effect on motor learning by mental practice.
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